Abstract Changes in stand structure with altitude have been studied at ten sites between 800 and 2,500 m above sea level (a.s.l.) in temperate forests on Mount Norikura (36°06¢N, 137°33¢E, 3,026 m a.s.l.) in central Japan.
Introduction
Reduction in air temperature with increasing altitude reduces the energy available for plant growth and affects forest vegetation. Many studies have examined the changes with altitude in forest vegetation in a variety of forest ecosystems, for example tropical forests, subtropical forests, warm-temperate forests, temperate forests, and boreal forests (Takahashi 1962; Yamada 1977; Ohsawa 1984; Kirkpatrick and Hassall 1985; Kojima 1994; Lieberman et al. 1996; Tang and Ohsawa 1997; Kamijo et al. 2001) . In central Japan, forest vegetation changes from evergreen broad-leaved forests at low altitudes to deciduous broadleaved forests at middle altitudes and to evergreen coniferous forests at high altitudes (Yoshino 1978) . Takahashi et al. (2003 Takahashi et al. ( , 2005 showed that growth of Betula ermanii responded differently to climatic conditions at its upper and lower distribution limits in a subalpine forest on Mount Norikura, central Japan. High summer temperature coupled with less precipitation increases the growth of Betula ermanii at its upper distribution limit (i.e. the timberline), because of the cool climate in this high altitude, but reduces the growth at its lower distribution limit, probably because of increased drought stress (Takahashi et al. , 2005 . Thus, tree regeneration may be different along altitude gradients, even within the same vegetation zone, because of a subalpine forest zone. Little information is available about changes in forest regeneration with altitude, however.
The stand structure of forests is thought to reflect regeneration processes. From the shape of size-frequency distributions we can suggest regeneration patterns. Unimodal and bimodal distributions suggest a discontinuous regeneration pattern and L-shaped distributions suggest a continuous regeneration pattern (Veblen 1986; Kohyama and Hotta 1990; Masaki et al. 1992) . At the individual-tree level, the growth in trunk height decreases more with increasing altitude than does growth of trunk diameter (Aiba and Kitayama 1999) , partly because strong winds inhibit growth in height. Thus comparison of trunk heightdiameter allometry at different altitudes reveals changes in growth traits with altitude (Wang et al. 2006) . Because many trees in timberlines suffer severe mechanical damage because of strong winds and heavy snow (Kajimoto et al. 2002 (Kajimoto et al. , 2004 Seki et al. 2005) , stand structural characteristics provide useful information clarifying changes in regeneration with altitude. Although a few studies have been conducted on changes in the stand structure of tropical forests with altitude (Aiba and Kitayama 1999) , little is known about temperate forests. This study was therefore performed to investigate changes in stand structure, including the proportion of damaged trees, along an altitude gradient on Mount Norikura in central Japan.
Materials and methods

Study site
This study was performed on the east slope of Mount Norikura (36°06¢N, 137°33¢E, 3,026 m above sea level (a.s.l.)) in central Japan. The mean annual temperature recorded in 2003 at Nagawa weather station (1,068 m a.s.l., approximately 12 km in horizontal distance from the summit) was 8.4°C. The mean monthly temperatures in the coldest month of January and the hottest month of August were -4.2 and 20.3°C, respectively. Total annual precipitation was 2,206 mm.
Three major vegetation zones of tree species are recognized between 800 and 3,000 m a.s.l. on Mount Norikura-a montane deciduous broad-leaved forest zone between 800 and 1,600 m a.s.l., a subalpine coniferous forest zone between 1,600 and 2,500 m a.s.l., and an alpine dwarf pine Pinus pumila scrub zone between 2,500 and 3,000 m a.s.l. The timberline was at approximately 2,500 m a.s.l. on the east slope of Mount Norikura (Takahashi 2003) studied in this work. Kira's warmth index (WI), is often used to express relationships between thermal conditions and vegetation (Kira 1948) . The WI expresses the approximate effective heat for plant growth and is calculated as P (m t -5), where m t is mean monthly temperature above 5°C. The WI was estimated as 48.5°C months at 1,600 m a.s.l. (the upper distribution limit of the montane broad-leaved forest zone) and 21.9°C months at 2,500 m a.s.l. (the timberline) on Mount Norikura by using decadal temperature data (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) recorded by Nagawa weather station, with a lapse rate of -0.55°C for each +100 m in altitude.
Although vegetation between 800 and 1,600 m a.s.l. was partly subjected to anthropogenic effects, this study was performed at sites without the anthropogenic effects. Anthropogenic effects on vegetation were negligible from 1,600 m a.s.l. to the summit. Dominant species were deciduous broad-leaved Zelkova serrata, Juglans mandshurica var. sachalinensis, and Lindera praecox at 800 m a.s.l., deciduous broad-leaved Quercus crispula, Castanea crenata, and Betula platyphylla var. japonica at 1,400 m a.s.l., evergreen conifer Abies veitchii and Tsuga diversifolia at 1,600-2,000 m a.s.l., and evergreen conifer Abies mariesii, and deciduous broad-leaved Betula ermanii and Sorbus matsumurana at 2,200-2,500 m a.s.l. Plant nomenclature is in accordance with Shimizu (1997) .
Field measurements
Stand structure was surveyed at ten sites with 100-300 m altitude intervals between 800 and 2,500 m a.s.l. in 2003 and 2004. Two belt transects (5 m · 50 m) were established at a representative vegetation site at each altitude. Species was identified and trunk height and diameter at breast height (DBH) were measured for all trees taller than 1.3 m. Mechanical damage of conifer trunks and branches was checked in accordance with Kajimoto et al. (2002) . Mechanical damage included flagged shape of crowns, tip dieback, broken stems, and canopy anomaly with branch-lacking layers (cf. Kajimoto et al. 2002) , and was caused by strong wind and heavy snow in winter. In winter, windblown snow and ice abrade leaves near timberlines and cause desiccation (Wardle 1968 (Wardle , 1985 Smith 1983, 1986; Maruta 1996) . As a result, wind-exposed trunks and branches are damaged or die (Arseneault and Payette 1992; Pereg and Payette 1998) . Mechanical damage was not investigated for broad-leaved tree species because of the difficulty of identifying its character.
The expanded allometric equation below was used to describe the relationship between trunk height (H, m) and DBH (D, cm),
where A (m cm -1 ), h (dimensionless) and H * (m) are constants. H * is the expected maximum trunk height. These three constants were estimated by means of iterative nonlinear regression that minimizes the sum of squares of residuals.
Results
The total basal area of trees taller than 1.3 m and the observed maximum DBH did not decrease with increasing altitude (Fig. 1a, c) . Although the observed maximum trunk height did not change with increasing altitude between 800 and 2,000 m a.s.l., it decreased markedly from 2,000 to 2,500 m a.s.l. (Fig. 1d) . The tree density consistently decreased from 800 to 2,000 m a.s.l. (Fig. 1b) but increased from 2,000 to 2,500 m a.s.l. (Fig. 1b) , which corresponded to the reduction in maximum trunk height (Fig. 1d) .
The frequency distribution of trunk height was an Lshaped pattern at 800 m a.s.l. (Fig. 2a) . Many small understory tree species were present at this altitude in the deciduous broad-leaved forest. Among these species, deciduous broad-leaved Lindera praecox was the most dominant. The frequency distribution of trunk height changed to a flat pattern with increasing altitude up to 2,000 m a.s.l. (Fig. 2a-g ). This reduction in small size classes was mainly because of a reduction in small understory tree species. Small trees of canopy and subcanopy tree species were not frequent in the upper zone of the montane forest (1,100 and 1,400 m a.s.l.) or in the subalpine forest up to 2,000 m a.s.l. (Fig. 2c-g ). Especially at the lower distribution limit (1,600 m a.s.l.) of subalpine coniferous forest there were few small understory tree species and the frequency distribution of canopy and subcanopy tree species was a flat pattern (Fig. 2e) . The number of trees shorter than 5 m increased from 2,200 to 2,500 m a.s.l., however, and the size structure was an Lshaped pattern again (Fig. 2h-i) . Deciduous broad-leaved Sorbus matsumurana and dwarf pine Pinus pumila were dominant small tree species in the upper zone of the subalpine forest (2,400 and 2,500 m a.s.l.).
The relationship between DBH and trunk height at the ten altitudes between 800 and 2,500 m a.s.l. was a good fit to the expanded allometric equation given above (data not shown). Trunk heights at DBH 10, 20, 30, and 40 cm were estimated by expanded allometric regression for each altitude. Although trunk height at a given DBH increased from 800 to 1,400 m a.s.l., it decreased from 1,400 to 2,500 m a.s.l. (Fig. 3) . The difference in estimated trunk height between DBH 10 and 40 cm was approximately 14 m at 1,600 m a.s.l., the lower distribution limit of subalpine coniferous forest dominated by Abies mariesii and A. veitchii (Fig. 3) . This difference was only 5 m at 2,500 m a.s.l., the upper distribution limit of subalpine 187-192 189 coniferous forest (i.e. the timberline), however (Fig. 3) . The growth in trunk height near the timberline was, therefore, substantially inhibited compared with the growth in trunk diameter. Mechanical damage of conifer trunks and branches was not observed between 800 and 2,000 m a.s.l. (Fig. 1d) . The proportion of damaged trees increased from 2,000 to 2,500 m a.s.l., however (Fig. 1d) . This increase was consistent with the reduction in the maximum trunk height at these altitudes (Fig. 1d) . Figure 4 shows relationships between trunk height and DBH of conifers at 2,200, 2,400, and 2,500 m a.s.l. Because taller trees tended to be damaged at higher altitudes, trees could not grow in height near the timberline.
Discussion
In this temperate forest the maximum DBH did not decrease with increasing altitude from 800 to 2,500 m a.s.l. at the timberline. Maximum trunk height also did not change between 800 and 2,000 m a.s.l., but decreased markedly from 2,000 to 2,500 m a.s.l. at the timberline. In contrast, maximum trunk height and DBH decrease continuously with increasing altitude in tropical forests (Yamada 1977; Ohsawa 1995; Aiba and Kitayama 1999) . Reduction in air temperature with increasing altitude reduces the energy available for trees in tropical forests in non-seasonal environments, which reduces maximum tree size at higher altitudes. Ohsawa (1995) showed for temperate forests, however, that maximum trunk height did not change with increasing altitude, except near the timberline, as shown in this study. Available energy for tree growth undoubtedly decreases with increasing altitude not only in tropical forests, but also in temperate forests. The rate of decrease of available energy for plants is lower in temperate forests than in tropical forests, however (Ohsawa 1995) , so in temperate forests forest biomass and maximum tree height do not decrease with increasing altitude, except at timberlines.
Thermal conditions of many timberlines in the world usually correspond with WI 15°C months (Ohsawa 1990 ). Timberlines in Japan are often at altitudes of WI greater than 15°C months, however (Okitsu and Ito 1984a) . WI is 21.9°C months at the timberline on Mount Norikura; it is, therefore, suggested that the altitude of the timberline on Mount Norikura may not be regulated by thermal conditions alone. In this study maximum tree height decreased sharply near the timberline, corresponding to the occurrence of mechanical damage of trunks and branches. Wind velocity in winter is very high at high altitudes, which causes mechanical damage of trees by desiccation (Warren Wilson 1959; Smith 1983, 1986) . The alpine dwarf pine Pinus pumila dominates above the timberline. Pinus pumila is, however, hardly damaged by winter desiccation , because it is completely covered with snow in winter (Okitsu and Ito 1984b) . Accordingly, not only thermal conditions during the growing season but also strong wind in winter substantially affect the altitude of the timberline on Mount Norikura.
The frequency distribution of trunk height changed from an L-shaped pattern at 800 m a.s.l. to a flat pattern at 2,000 m a.s.l. The number of small trees increased from 2,000 to 2,500 m a.s.l. at the timberline, however, and the size structure shifted to the L-shaped pattern. The increase in the number of small trees corresponded with the reduction of maximum trunk height. The reduction in the number of small trees from 800 to 2,000 m a.s.l. is probably because the reduction in available energy for photosynthetic production by small understory trees. Photosynthetic production of understory trees is mainly limited by reduced light, irrespective of altitude. The growth period is also shorter and the air temperature during the growth period is lower with increasing altitude. The rate of photosynthesis of plants is usually temperature dependent, and low temperatures reduce photosynthetic production of alpine and subalpine plants (DeLucia and Smith 1987; Körner 1999) . The combined stress (dark and cool conditions, and short growth period) is, therefore, disproportionately more harmful to photosynthetic production by understory trees at higher altitudes than by canopy trees in sunlit conditions; this probably reduces the growth and survival of understory trees at higher altitudes. In this study, however, the increase in the number of small trees from 2,000 to 2,500 m a.s.l. at the timberline corresponded to an increase in mechanical damage of trunks and branches. Reduced development of the canopy layer because of an increase in broken trunks allowed much light to reach small trees, which enabled them to grow and survive and in turn produced the L-shaped pattern near the timberline. The change in stand structure with increasing altitude may therefore have been caused by a combination of stress on understory trees and increased mechanical damage of trunks.
This study concluded that:
1 size structural changes along the altitude gradient were caused by a combination of the stress of dark and cool conditions, the short growth period for understory trees, and increased mechanical damage, which affected the change in regeneration pattern with altitude; and 2 not only thermal conditions during the growing season but also mechanical damage in winter possibly determine the altitude of the timberline.
The results from this study therefore suggest that mechanical damage is the cause of changes in the regeneration pattern with altitude and determines the altitude of the timberline.
